In the eukaryote nucleus, DNA wraps around histone cores and each core complex contains eight proteins including four pairs of H2A, H2B, H3, and H4 protein. The histone tail can be modified to alter the interaction strength between the histone core and a given DNA region, resulting in a change in gene expression. Various types of histone modifications are known to be involved in a number of cellular responses. In this study, we identified and characterized a novel mutant based on a growth assay using histone deacetylase inhibitors in combination with auxin, and we have named the mutant sensitive to histone deacetylase inhibitors 1. Our results imply that histone acetylation plays an important role in shoot morphology and leaf production in Arabidopsis.
Introduction
Histone modifications are known to be one of the important cellular processes involved in the regulation of gene expression in plants. Specific amino acids of histone tails can be subjected to different modifications such as acetylation, methylation, phosphorylation, sumoylation, and ubiquitination (reviewed in Kim et al. 2015) . The histone acetylation and deacetylation are, respectively, catalyzed by histone acetyltransferase (HAT) and histone deacetylase (HDAC). Generally, histone acetylation is associated with gene activation. H3K9ac, H3K27ac, and H4ac, for example, have been revealed to be positively correlated with gene expression in response to various stress conditions (reviewed in Kim et al. 2015) . A recent genome-wide analysis in Oryza sativa L. japonica indicated that there is a positive correlation between the level of gene expression and the intensity of histone modifications, including H3K9ac and H3K27ac, on transcription start sites (TSSs) (Du et al. 2013) . In Arabidopsis, several HDACs, such as HDA6, HDA9, and HDA19, have been found to be involved in many growth and development programs such as embryo development, abiotic stress response, and flowering control (Tanaka et al. 2008; Wu et al. 2008; Chen and Wu 2010; Zheng et al. 2016) .
HDIs such as sodium butyrate (NaB) and trichostatin A (TSA) have been used to study histone modifications in both animals and plants (Tramontano and Scanlon 1996; Louis et al. 2004; Chung et al. 2009; Manzano et al. 2012; Nguyen et al. 2013) . Plants growing on media containing NaB or TSA showed reduced primary root elongation (Chung et al. 2009; Manzano et al. 2012 ) and lateral root growth in the presence of auxin (Nguyen et al. 2013) . In this study, we established an assay to screen Arabidopsis mutants that can overcome the negative effects of HDIs with respect to root growth in the presence of auxin. After screening and confirming, we obtained a mutant exhibiting robust lateral root growth and a high rosette leaf number when the plants were grown under both normal and screening conditions. Furthermore, the mutant was very sensitive to NaB (200 mM) as reflected by a significant increase in rosette leaf number in both the presence and the absence of auxin (IAA). In sum, in this study, we identified and characterized a novel mutant, sensitive to histone deacetylase inhibitors 1 (shdi1), exhibiting high sensitivity to HDIs; this mutant can be used for further study of histone modifications in plants.
Materials and methods

Plant materials and growth conditions
Wild-type Arabidopsis thaliana (Col-0 and Landsberg erecta) and ethyl methanesulfonate (EMS)-mutated (Col-0 background) M 2 seeds were used for the experiments and the screening assay. The seeds were sterilized using 5% sodium hypochlorite solution, washed with sterilized distilled water, and stored at 4°C for 3 days. Sterilized seeds were placed on half-strength Murashige and Skoog (1/29 MS, pH 5.7) medium supplemented with sucrose (2% w/v), and allowed to grow in a growth chamber (23 ± 1°C, 50-55 lmol photons m -2 s -1 , 16/8 h light/dark).
The shdi mutant screening method
Ethyl methanesulfonate (EMS)-mutated (Col-0 background) M 2 seeds were used for the mutant screening assay. Four-day-old seedlings were transferred to 1/29 MS medium supplemented with NaB 200 lM ? IAA 5 lM or with TSA 5 lM ? IAA 5 lM. The mutants were screened for a phenotype of robust root growth (compared to the wild-type) after 2 weeks of growth on the screening media.
Mapping of the shdi1 mutant
A mapping population of shdi1 was created by crossing the mutant with Landsberg erecta. F 1 individuals were selfpollinated, and the resultant F 2 plants were used for screening in the medium supplemented with NaB and IAA for the shdi1 phenotype. Various simple sequence length polymorphism markers (SSLPs) (http://carnegiedpb.stan ford.edu/publications/methods/ppsuppl.html) were used for the gross mapping.
RT-PCR
Two-week-old seedlings grown on 1/29 MS medium were used for total RNA extraction and first-strand cDNA preparation. RNAs were extracted with the TRIzol reagent (Invitrogen TM , USA) according to the manufacturer's instructions. PCR analyses were carried out with the specific primer sets indicated in Supplementary Table S1 .
Statistical analyses
Experiments were repeated at least three times. Statistical analysis was carried out by Duncan's test at a 95% confidence level.
Results and discussion
Identification of the shdi1 mutant exhibiting high sensitivity to HDIs with respect to leaf production
In a previous study, we found that HDIs such as NaB and TSA can almost abolish auxin-induced lateral root growth in Arabidopsis (Nguyen et al. 2013 ). Based on this result, we developed an assay to screen Arabidopsis mutants showing resistance to the negative effects of HDIs with respect to root growth in the presence of auxin. In this experiment, we transferred 4-day-old seedlings of Col-0 (wild-type) and ethyl methanesulfonate (EMS)-mutated M 2 Arabidopsis (Col-0 background) to testing media (1/29 MS medium with 5 lM IAA in combination with 200 lM NaB or 5 lM TSA) for root growth observation. Two weeks after transferring, we obtained nine mutant lines that showed better lateral root growth in comparison to wildtype plants. Among them, line #1 showed more robust lateral root growth under both normal and screening conditions (Fig. S1 ). In addition, this mutant also exhibited a high rosette leaf number when the plants were grown under both normal and screening conditions (Figs. 1 and S1 ). In fact, the number of rosette leaves in wild-type seedlings slightly increased in response to NaB (200 mM); however, the mutant exhibited high sensitivity to this chemical as evidenced by a significant increase in rosette leaf number (Fig. 1) . On this basis, we have named mutant #1 as sensitive to histone deacetylase inhibitors 1 (shdi1). In addition, under a light microscope, we found that the HDIs (with or without the presence of auxin-IAA) did not simply increase the shdi1 rosette leaf number, but also promoted the higher production of lateral shoots (Fig. 1) .
For genetic analysis, the shdi1 mutants were crossed to wild-type plants (Col-0 and Landsberg erecta). The F 2 seedlings were grown on screening medium, and the segregation ratio based on the specific phenotype of the shdi1 mutant was analyzed. The results showed that the specific phenotype of shdi1 is caused by a single gene because the segregation ratio was 3:1 in the F 2 generation (Fig. S2A) . Analyses of F 2 plants with the shdi1 mutant phenotype using SSLPs demonstrated that the shdi1 mutant locus is located on chromosome V (Fig. S2B) . In a previous study, Catterou et al. (2002) discovered a mutant called hoc that also produces many shoots, and they found that the hoc locus is located on chromosome I. It is possible to speculate that the current shdi1 mutant and hoc may work together in a signaling pathway, such as cytokinin biosynthesis, that regulates the plant developmental process (Catterou et al. 2002) . However, further studies are required to elucidate which genes are altered in these mutants and what their corresponding functions are in plant growth and development.
Characterization of the shdi1 mutant
In comparison to wild-type plants, the shdi1 mutant exhibits a dwarf phenotype with a short hypocotyl, and almost all the organs are smaller, including the rosette leaves, buds, flowers, and siliques ( Fig. 2 and S3A) . Accordingly, the seeds produced by the shdi1 mutant are also much smaller than those of wild-type plants (Fig. 3A) . Moreover, the seed germination rate of the shdi1 mutant is remarkably lower than that of the wild-type (Fig. 3B) . It was previously reported that hoc mutants, which overproduce endogenous cytokinins, showed a de-etiolated phenotype when the seedlings were grown in darkness (Catterou et al. 2002) . The similar phenotypes of shdi1 and hoc mutants led us to grow shdi1 seedlings in dark conditions and we found that this mutant also shows a shorter hypocotyl and open cotyledons (Fig. S3B) .
In addition, several mutants exhibiting dwarfism and/or increased shoot branching have been shown to be related to the biosynthesis or signaling of brassinosteroids or strigolactones; these mutants include dwarf 4 (dwf4) (Mathur et al. 1998; Kim et al. 2006 ), more axillary branches 1 (max1), and max2 (Stirnberg et al. 2002; reviewed in Brewer et al. 2013) . The dwarf phenotype of the shdi1 mutant led us to test the expression levels of these genes. As shown in Fig. 4 , the expression levels of genes involved in the strigolactone signaling pathway (BRANCHED 1-BRC1, and MAX2) and in the brassinosteroid biosynthesis pathway (DWF4) were similar in both wild-type and shdi1 mutant plants. Furthermore, the transcript levels of other genes that are related to auxin (IAA17), light signaling pathway (PIF4), and leaf morphology (ASYMMETRIC LEAVES 1-AS1, AS2, and KNOTTED-LIKE FROM ARABIDOPSIS THALIANA 1-KNAT1) were also observed and did not significantly differ between wild-type and shdi1 mutant plants (Fig. 4) . From these results, it seems that SHDI1 may code for a protein that plays an important role in plant growth and development, and its functions may also relate specifically to histone modification. However, detailed locus information of SHDI1 is still required, as are further studies to characterize the function of SHDI1 at the molecular and cellular levels.
Control
NaB 200 Col-0 shdi1 Col-0 shdi1 (Table S1 ). The experiment was repeated three times
